We present a theoretical study of the distribution of Al atoms in zeolite ZSM-5 with Si/Al=47, where we focus on the role of Al-Al interactions rather than on the energetics of Al/Si substitutions at individual sites. Using interatomic potential methods, we evaluate the energies of the full set of symmetrically independent configurations of Al siting in a Si 94 Al 2 O 192 cell. The equilibrium Al distribution is determined by the interplay of two factors: the energetics of the Al/Si substitution at an individual site, which tends to populate particular T sites (e.g. the T14 site), and the Al-Al interaction, which at this Si/Al maximises Al-Al distances in agreement with Dempsey's rule. However, it is found that the interaction energy changes approximately as the inverse of the square of the distance between the two Al atoms, rather than the inverse of the distance expected if this were merely charge repulsion.
Introduction
Most of the exploited properties of microporous aluminosilicates, typified by zeolites, are connected to the presence of Al atoms in the framework. The charge unbalance introduced in an otherwise all-silica framework can be compensated either with protons, resulting in (catalytically active) Brønsted acidity, or with (exchangeable) extra-framework cations, Lewis acidity and molecular adsorption and separation properties Dempsey generalized this principle to state that Al ions tend to locate as far as possible from each other in the framework for a given Si/Al ratio. These rules can be rationalised in terms of energetic (thermodynamic) considerations, as has been widely shown using computer simulation methods 4 , although the validity of Dempsey's rule has been questioned for some zeolites 5 . It is also clear that kinetic factors also influence the cation distribution, especially at high Si/Al ratios. But an understanding of the thermodynamic factors affecting the cation distribution still provides valuable insight that can, for example, allow the determination of optimal compositions and an improved representation of the chemical processes occurring in these materials.
Computational chemistry methods have a long established role in zeolite chemistry. However, the construction of realistic models of the cation distribution in a zeolite for a computational study can be time-consuming and if not done with sufficient care it may influence (incorrectly) the computed properties. While the Lowenstein and Dempsey rules are of help, it would be useful to have a more quantitative framework to allow the creation of meaningful models, using for example rapid energy evaluations within a Monte Carlo approach. Our main goal here is to obtain a quantitative description of the effect of Al-Al interactions in the cation distribution for a zeolite with a relatively high Si/Al ratio, notwithstanding the selfassembly processes. These quantitative rules will allow us to construct suitable models for further study.
Zeolite ZSM-5 (MFI framework) is one of the most versatile and widely used materials in the field of heterogeneous catalysis, with remarkable applications in petrochemical processes, e.g. xylene isomerisation, oil dewaxing and methanol-to-gasoline conversion, as well as in fine chemistry and pollution control 6 . Its exceptional catalytic properties are due to a peculiar 3-dimensional 10-ring channel system consisting of intersecting straight and sinusoidal channels ( Figure 1 ). Since the connectivity of the channels in the [001] direction is through the sinusoidal channel, the overall 3-dimensional motion is rather slow. In addition, the confinement field acting on the molecules is particularly intense due to the medium size of the cavities (ca. 5.5 Å) which leads to strong molecular interactions with the active sites.
The topic of Al distribution in ZSM-5 has stimulated a significant amount of research using both experimental 7 and theoretical techniques 8 . There is some evidence that the synthesis conditions and (random) self-assembly processes significantly affect the Al distribution in ZSM-5, particularly at high Si/Al. Nevertheless, there are few analyses of the experimental and computed distributions that establish any guides to the construction of model material for computational study. Moreover, few of the above studies consider the factors that result in unlikely distributions (beyond the non-Lowensteinian behaviour). The unit cell of ZSM-5 has 96 tetrahedral (T) sites occupied by either Si or Al. There are 12 symmetrically unique T sites (Figure 1 ) when described in the orthorhombic Pnma space group, which the structure adopts at temperatures above ~340 K 9 whilst the number is doubled to 24 in the low-temperature monoclinic structure (P2 1 /n11 space group) 10 . introduce errors in the location of the template, the charges used and the compatibility of an ionic zeolite model and a molecular mechanics description of the organic.
In ref. 8k we introduced a methodology to study the incorporation of the Al atoms and protons in two steps: the distribution of Al was first determined in the absence of protons, which are incorporated in a second step around the most stable Al positions. Thus, we study here the Al distribution without dealing with the proton distribution, expanding the study to the case of 2 Al per unit cell, which will allow a better understanding of the role of the Al-Al defect interaction on the distribution.
Methodology
All calculations were performed using GULP (General Utility Lattice Program) code 14 , which allows the use of a wide range of interatomic potential functions for the simulation of solids. Whereas first-principles periodic calculations have been employed for the study of heteroatom location in zeolites 15 , in the present paper we have chosen to use forcefield calculations due to the large set of configurations to be analysed. Such interatomic potential descriptions have been widely applied in the study of zeolites, owing to its good balance between accuracy and computational cost 4,16 and have been shown to be in excellent agreement with experimental work in terms of both geometries and thermodynamic properties. 13a,17 . In previous works we have rigorously validated, against experimental crystallographic results, the use of interatomic potentials for the study of the Si-Al distribution in zeolites 13a,13e,18 .
The widely used potentials by Sanders et al. 19 , with the Jackson and Catlow modifications 20 , were employed to model the interactions in the zeolite framework. Short-range interactions are handled in real space within a cut-off distance (16Å), while the slowly convergent longrange interactions are calculated using the Ewald's summation method 21 . Both the cell parameters and the ionic positions were relaxed for each configuration. A convergence criterion for the forces of 0.001 eV/Å was used. The relaxation starts with the NewtonRaphson minimiser, updating the Hessian matrix by the BFGS approximation 22 , and after reaching a suitable value of the gradients' norm it switches to the RFO minimiser 23 . This procedure ensures convergence to real minima, i.e. with no imaginary modes, a fact of particular relevance when dealing with zeolitic materials 24 .
For the lattice energy calculations the neutrality of the cell was maintained by uniformly smearing a compensation charge over all framework oxygen atoms, avoiding the necessity of explicit extra-framework species. This is clearly an approximation, since in the as-synthesized zeolite the charge is compensated by typically organic templates, particularly in high silica system, as the extra-framework species. However, it is known that this extra-framework charge is rather delocalised over the templates' atoms 25 . If templates were to be considered, we would have to compute charges using quantum methods, introducing uncertainty and also since the charges used on the framework are formal, the mismatch between the organic and inorganic components will introduce further uncertainly. Moreover, we must ensure that the location of the template is determined accurately, were there is little experimental (apart from the exemplar tetraproplyammonium) corroboration. In absent of such a priori structural data on the location of the extra-framework cations (either organic or metal cations), one would need to computationally explore for each given Si-Al distribution a range of possible cations distributions 18c . This would be, as stated above, an extremely expensive route that rules out a wide scan of Si-Al distribution study.
We therefore assume that the stability of the Al substitution, at such high Si/Al ratio, is not significantly affected by the exact position of the extra-framework cation and implicitly include the charge compensation by smearing the charge on the framework. operator of the parent (non-substituted) structure. It is then possible to discuss the ion distribution using Boltzmann statistics: the probability of occurrence of a given independent configuration m, with energy E m and degeneracy Ω m (the number of times it appears in the full configurational space), is given by:
where Z is the partition sum, which guarantees that the sum of all the probabilities equals one;
R is the gas constant, and T is the equilibration temperature for the cation distribution, which in the case of zeolites is often assumed to correspond to the synthesis temperature (typically 
Results and discussion
The 
where E ij is the energy of the configuration with Al ions substituted in sites i and j, E i and E j are the energies of the configurations with one Al ion substituted in sites i and j, respectively (all these energies are given with respect to the non-substituted, pure Si zeolite), and ΔE ij is interaction energy between Al ions when they are located at these sites. Thus, if the two substitutions were not interacting, a plot of the two-Al energies versus the sum of the corresponding one-Al energies should give a slope of 1. Many configurations do indeed lie near the slope = 1 line, as shown Fig. 3 , but the plot exhibits significant scattering, which is a clear indication that even at this relatively high Si/Al ratio (= 47) the interaction effects could have a controlling effect on the Al distribution. As expected, the highest-energy configurations (above 100 kJmol -1 ) are non-Lowensteinian structures, that is, those exhibiting Al-O-Al links. It is illustrative to discuss the trend in the relative energies in terms of Boltzmann probabilities. Figure 3 implicitly indicates that the location of Al atoms is biased towards the preferential sites at single Al atom occupation, since the product of the probabilities of finding Al atoms at these sites (P 1 P 2 ) is proportional to the negative exponential of the sum of their energies (exp-(E 1 + E 2 )/kT). In the absence of Al-Al interactions the probability of each two-Al pair (P 12 ) would be equal to the product of the single probabilities (P 1 P 2 ). The presence of the positive interaction term then decreases the probability of occurrence of a given configuration with respect to what it would be in the absence of interactions.
We now consider what geometric features influence the magnitude of the Al-Al interactions.
The magnitude of the interaction depends on the relative position of the Al atoms; the direct Al-Al distance can be expected to be the most important factor. Note that each Al atom will be surrounded by 6 replicas of itself in the nearest neighbour cells, whose interatomic distances will not vary significantly from one Si-Al distribution to another. Therefore, when comparing Al-Al distances we refer to the closest distinct Al-Al distance, but keep in mind that a nearly constant contribution from the translational symmetry is also present.
The plot of the interaction energy ΔE versus the minimum distinct Al-Al distance in the structure is shown in Figure 4a . We have used the distances between the T-sites as they appear in a relaxed Al-free structure (see explanation below). A clear correlation is found in Figure 4a , showing a decrement of the interaction energy with the Al -Al distance. We have fitted this data to power laws of the type ΔE ~d -n for different positive and integer n values and find the optimal fit with n=2 with the average quadratic deviation from the fitting function χ 2 =43.9, far better than for n=3 (χ 2 =61.9) and n=1 (χ 2 =102.2). Allowing the exponent n to take non-integer values yields n=2.18, but with little improvement in the goodness of fit (χ 2 =42.8). Thus, we can state, to a good approximation, the interaction energy decreases with the square of the Al-Al distance. The observation that a better fit is obtained for a ~d -2 dependence rather than d -1 , suggests that the interactions are not simply dominated by the direct Al-Al electrostatic repulsion. Other factors, like the propagation of short-range forces, or the overlap of local distortions, must be significantly affecting the interaction energy. We note that Sastre et al observed that the distortions of the local geometry are an important factor in the location of a single Al atom 32 .
As mentioned above, the distances used to construct Figure 4 are those from the host (relaxed) silicalite structure rather than from the actual 2-Al structures. Our reasoning for this is two-fold: (i) the silicalite structure provides a common reference for all structures, and (ii) more importantly, the calculated energies represent a measure of the deformation of the crystal from the pure silica framework (a given reference) due to the Al incorporation. In fact, the correlations obtained are slightly better (by ca. 10% in the χ 2 values) when analysed in this way, compared to using the final relaxed distances.
Even though the d -2 correlation is strong, the dispersion in the interaction energy as a function of Al-Al distance suggests that shielding of the interaction by the pore walls is clearly important and we now consider how the anisotropy of the structure may be playing a role here. The well-defined channels in MFI are along the x and y axes and not in z. Hence, the xy plane is more dense and rigid than the other (more flexible) planes xz and yz, and thus distortions in the xy plane are expected to be more energetically costly. The general trend in the energetics of the configurations is in agreement with Dempsey's rule 3 . However, the dispersion observed in Figure 4a sites. This analysis indicates that, at least for this Si/Al, individual site preference is still the strongest factor in the Al distribution. However, the role of the Al-Al interaction in determining the distribution is also obvious from Table 1: all the most stable configurations have Al-Al distances greater than 10 Å. While substitution at T14/T19 should be more stable than substitution at T14/T20 based only on individual sites preferences (T19 has a lower substitution energy than T20), the opposite happens, because the T14-T20 distance is longer than the T14-T19 distance. The energy differences introduced by interaction effects are significant, because the exponential nature of Boltzmann's distribution means that the probability of occurrence decays very rapidly with the configuration energy (figure 6). Before finishing the discussion, it is worth to remember that the results shown here have been obtained using a model that does not contain extra-framework charge compensating cations.
However, in a typical synthesis the presence of charged organic templates besides a structure directing role might have an impact in the Al location [32] [33] . In the case of ZSM-5 prepared with quaternary ammonium ions, as usually, the Al-location controlling role is expected to be less relevant due to the shielding effect of the organic substituents, as shown for the pentasil zeolite FER by .It is then expected that the main features with regards the Si-Al distribution in high silica (Si/Al = 47) ZSM-5 and the effect of the Al -Al interactions on this issue have been well captured in this study.
Conclusions
In the light of our results we conclude that Al-Al interaction in zeolites is a key factor in controlling Si-Al distribution, even at relatively high Si/Al. Such interactions will clearly become even more important at lower Si/Al, where we expect Dempsey's rule to be less relevant, as we have shown in previous work 18a,b . The local geometry will control the inclusion of dilute Al impurities, but Al-Al interactions become increasingly important as more Al is incorporated.
The overall dependence of the interaction energies with the Al-Al distances indicates that the general trends in the location of the Al atoms is to maximize their relative distances, describing a Dempsey-like behaviour. We have given a more quantitative form to this principle, by showing that the Al-Al interaction energy changes in inverse proportion to the square of the Al-Al distance d. This behaviour suggests that Coulomb interactions are not the main contribution to the energy differences. Moreover, we find a strong dependence on the density of the framework, particularly within the xy plane. To the best of our knowledge this is the first time that the anisotropy of the framework is identified as a source of departure from Dempsey's rule at such high Si/Al ratios. (1 
